Introduction {#sec1}
============

Intracranial aneurysms (IAs) are acquired lesions with a prevalence of 5--10% of the population, a fraction of which rupture develops into subarachnoid hemorrhage with lethal consequences \[[@B1]\]. Although unruptured IAs have a low risk of rupture, interventions are commonly used due to the unfavorable prognosis of intracranial hemorrhage \[[@B2]\]. A classification of aneurysms has been proposed in a report according to the size, small (\<5 mm), medium (5--9.9 mm), large (\>10 mm), and giant (\>25 mm), and the report also pointed out the annual rupture rate of 0.8, 1.2, 7.1, and 43.1%, respectively \[[@B3]\]. The primary goal of IA treatment is to prevent rupture \[[@B4]\], and endovascular treatment is applied for most cases of IA \[[@B5]\]. As a major cerebrovascular disease, IA formation and development result from endothelial dysfunction and vascular smooth muscle cell (VSMC) phenotypic transformation to pro-inflammatory phenotype \[[@B6],[@B7]\]. Recent studies have reported the potential roles of molecular therapeutic targets and relevant signaling pathways in IAs \[[@B8],[@B9]\].

Adenomatous polyposis coli (*Apc*) gene, cloned in 1991, located at chromosome 5q21-22 and containing 15 exons, has been classified as a tumor suppressor, whose activity is implicated in the regulation of the intracellular level of β-catenin within the Wnt signaling pathway \[[@B10],[@B11]\]. The inhibitory role of Apc in cancers is significantly involved in cellular processes including cell division, adhesion, and migration \[[@B12]\]. The genetic changes of the tumor suppressor *Apc* gene are involved in the brain metastasis, the gross deletion of which promotes the brain metastasis \[[@B13]\]. Apc regulates the activation of the Wnt/β-catenin signaling pathway which plays a pivotal role in the development and maintenance of homeostasis of human body \[[@B14]\]. Furthermore, the activation of the Wnt/β-catenin signaling pathway is closely related to nuclear factor-κB (NF-κB) \[[@B15]\]. NF-κB composes a family of transcription factors and participates in a series of activities, including the regulation of immune responses, maturation of immune cells, development of secondary lymphoid organs, and osteoclastogenesis \[[@B16]\]. The NF-κB pathway is a critical link of inflammatory responses \[[@B17]\]. The expression of NF-κB in the IA tissue is significantly increased as compared with that in the normal intracranial arterial tissues \[[@B18]\]. Inhibition of NF-κB activity has been reported to repress the formation and enlargement of IAs \[[@B19]\]. Above all, we intended to find out the role of *Apc* gene in mediating IA formation and rupture through the NF-κB signaling pathway mediated inflammatory response.

Materials and methods {#sec2}
=====================

Ethical statement {#sec2-1}
-----------------

The present study was approved by the Ethics Committee of the Second Affiliated Hospital of Nanchang University. All participants provided written informed consents. All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Study subjects {#sec2-2}
--------------

A total of 108 clinical specimens were obtained from patients who underwent incarceration of IA in the Department of Neurosurgery of the Second Affiliated Hospital of Nanchang University from January 2011 to January 2017. As a prerequisite, the life of patients and surgical security were ensured during the process. There were 58 males and 50 females (aged: 24--67 years) with a mean age of 47 years. And 68 patients had ruptured IA and other 40 cases had unruptured IA. There were 44 cases with diameter \>5 mm, 40 cases between 5 and 13 mm, and 24 cases \>13 mm. In terms of the locations of IA, 13 cases were in anterior cerebral artery (ACA), 29 cases in anterior communicating artery (AcoA), 15 cases in middle cerebral artery (MCA), 37 cases in posterior communicating artery (PcoA), and 14 cases in posterior inferior cerebellar artery (PICA). All cases were confirmed by digital subtraction angiography (DSA), and resected by microsurgery in the Department of Neurosurgery. The arteries of the same side with the surgical approach during the incarceration of IA were obtained. Control group included normal cerebral arteries resected in surgery from 28 patients (16 males and 12 females) with traumatic brain injury. The tissues were fixed for immunohistochemistry examination. Venous blood samples of every patient were collected within 72 h after admission. ELISA was performed to measure levels of tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), interleukin (IL)-1β (IL-1β) and IL-6 in serum. The patients were excluded: (i) patients without whole-brain DSA (including four vessel angiography of bilateral internal carotid artery and vertebral artery); (ii) patients with extension or dilatation of artery, traumatic, or infectious aneurysm; (iii) patients who received part or whole endovascular occlusion or craniotomy and clipping of IA in other hospitals before angiography and lacked image data before treatment; (iv) patients without 2D or 3D imaging to determine the aneurysm size.

Immunohistochemistry {#sec2-3}
--------------------

Streptavidin-perosidase (SP) immunohistochemistry kit (HSP0001) was purchased from Shanghai Mjol Biotechnology Co., Ltd. (Shanghai, China). The sections were dewaxed, dehydrated with gradient alcohol, and the antigen retrieval was conducted with microwave. Then 3% H~2~O~2~ was used to block endogenous peroxidase activity for 10 min, and then normal goat serum was used to reduce non-specific background for 15 min. The following primary antibodies were added to the sections: rabbit anti-human NF-κB p65 polyclonal antibody (ab19870, 2.5 µg/ml), rabbit anti-human IκBα polyclonal antibody (ab7217, 1:200) and rabbit anti-human Apc polyclonal antibody (ab133397, 2 µg/ml) and incubated at 4°C overnight. All the above antibodies were purchased from Abcam Inc. (Cambridge, MA, U.S.A.). The sections were treated with horseradish peroxidase (HRP) labeled secondary antibody goat anti-rabbit monoclonal antibody (ab6721, 1:1000, Abcam Inc., Cambridge, MA, U.S.A.) for 15 min, followed by SP treatment for 15 min. Then the color was developed with 3,3′-diaminobenzidine (DAB). Next, the sections were washed under water to terminate the reaction and counterstained with Hematoxylin, dehydrated, cleared, and mounted. PBS was used as negative control (NC) to replace the primary antibody. The Apc positive expression was localized in cytoplasm, and the NF-κB p65 and IκBα positive expression was localized in cytoplasm and some in nucleus. Five high magnification fields of view (×200) with at least 100 positive cells were randomly chosen for counting with double blind method. The method of scoring was shown as follows: (A) the staining intensity was determined by cell color and its depth (without staining = 0 point, light yellow = 1 point, pale brown = 2 points, brown = 3 points); (B) proportion of positive cells (negative cells = 0 point, percentage of positive cells ≤10% = 1 point, percentage of positive cells 11--50% = 2 points, percentage of positive cells between 51 and 75% = 3 points, percentage of positive cells \>75% = 4 points). Staining score of each case = A × B. The score \<3 points was regarded as negative (−), 3--5 points as positive (+), 5--7 points as strongly positive (++), and \>7 points as extremely strongly positive (+++).

ELISA {#sec2-4}
-----

The experiments were conducted in strict accordance with the instructions of MCP-1 ELISA kit (ab21396, 100 pg/ml), TNF-α ELISA kit (ab6671, 1:1000), human IL-1β ELISA kit (ab100562, 100 pg/ml), rat IL-1β ELISA kit (ab100705, 100 pg/ml), human IL-6 ELISA kit (ab6672, 1:1000), and rat IL-6 ELISA kit (ab100713, 100 pg/ml). All these kits were purchased from Abcam Inc. (Cambridge, MA, U.S.A.). Blood sample was taken from patients, with 0.109 mol/l sodium citrate as anticoagulant (1:10) and allowed to stand at room temperature for 1 h, followed by centrifugation at 3000 rpm for 10 min. Then the supernatant was obtained, transferred into a 1.5-ml test tube and then stored in a −70°C freezer to avoid repeated freezing and thawing. The known antigen was diluted into the above concentration with carbonates coated buffer (pH 9.6), and added into wells (0.1 ml for each) for overnight incubation at 4°C. The next day, the antigen was washed three times. Then 0.1 ml diluted supernatant was added into the above-coated reaction wells, which were incubated at 37°C for 1 h. Correspondingly, blank, negative, and positive control wells were made, which were added with 0.1 ml of freshly diluted DON-HRP--conjugated secondary antibody (Abcam Inc., Cambridge, MA, U.S.A.) and incubated at 37°C for 35--60 min. After a final wash of ddH~2~O (PER 018-1, Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China), the reaction wells were added with 0.1 ml temporarily prepared *Mycobacterium tuberculosis* (MTB) substrate (EL0001, InnoReagents, Huzhou, Zhejiang, China) and incubated at 37°C for 10--30 min. At last, 50 μl terminating liquid was added into wells to terminate coloring, and the optical density (OD) values were measured at wavelength of 450 nm within 20 min.

Establishment of IA model in rat {#sec2-5}
--------------------------------

A total of 50 healthy male or female Sprague--Dawley (SD) rats aged 7 weeks and weighing from 180 to 250 g were provided by Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The rats were randomly assigned into normal group (10 rats) and IA group (40 rats). The IA model in rat was established as follows \[[@B20]\]. The rats were intraperitoneally anesthetized with 3% pentobarbital sodium (30 mg/kg, the dose was increased when necessary). The left common carotid artery and bilateral posterior renal arteries were ligated under a surgical microscope. The neck and back of rats were shaved and disinfected and a sterile towel was spread. Longitudinal incisions (1.5--2 cm) were made on dorsal bilateral costal margin in rats. One side of the skin was cut first, then entered into the abdominal cavity through subcutaneous and muscle layers. The thumb of the operator was placed on the rat back, and middle and index fingers on the abdomen to touch the kidney, and extrude the incision on kidney with index or middle fingers. Then omentum and other tissues were pushed back into the abdomen with a sterile cotton swab moistened in sterile normal saline to expose the kidney. The operator gently pressed renal pedicle on medial incision with tweezers or wet cotton swab, thus posterior branch of renal artery and vein automatically separating due to tension. Through the space between posterior branch of renal artery and vein, bipolar coagulation was adopted to block posterior branch of artery, or the posterior branch of artery was ligated by a thread. Then a 0/3 thread was ligated around the posterior branch of renal artery. A clear map-shaped ischemic area appeared in the middle and upper parts of the posterior segment of the kidney. Next, the kidney was placed back into the cavity and the peritoneum and skin were sutured. One week later, the rats were all fed 2% saline water replacing drinking water for 3 months. The rats presenting one of the following symptoms were identified with ruptured aneurysm \[[@B21]\]. (i) Weight loss (weight loss of over 10% for 24 h) and a significant reduction in food and water consumption; (ii) forelimb raising and trunk bending; (iii) walking along one side with normal posture; (iv) leaning to one side at rest; and (v) no spontaneous activity. Rats with these symptoms were killed and the remaining ones were killed 3 months after operation. IA tissues were obtained in the operation, which were perfused with PBS and then perfused with glutin-containing blue dye to manifest cerebral artery. Aneurysm was defined as vascular wall whose diameter was longer than that of aorta with partial outward expansion.

Transfection and grouping {#sec2-6}
-------------------------

The 40 rats in the IA group were randomly grouped into blank group (10 model rats), NC group (10 model rats transfected with empty plasmid), Apc-siRNA group (10 model rats transfected with Apc-siRNA), and the remaining 10 model rats for further use. Forty rats in the IA group and ten rats in the normal group were raised in specific pathogen-free (SPF) animal laboratory with humidity of 60--65% and at 22--25°C. Rats in the normal group were treated with stereotactic injection of 100 μl PBS once a day. The rats in the blank group were treated with stereotactic injection of 100 μl mixture of PBS and Lipofectamine™ 2000 (Invitrogen Inc., Carlsbad, CA, U.S.A.) once a day. The volume of Lipofectamine™ 2000 was the same as empty vector group. The rats in the NC group were treated with stereotactic injection of 100 μl mixture of empty vector and Lipofectamine™ 2000 (DNA (μg):g Lipofectamine™ 2000 (μl) = 1:3) once a day. The rats in the Apc-siRNA group were treated with stereotactic injection of 100 μl mixture of Apc-siRNA eukaryotic expression vector and Lipofectamine™ 2000 (DNA (μg):g Lipofectamine™ 2000 (μl) = 1:3) once a day. Blood pressure measured 3 days before surgery was regarded as the basic blood pressure. Caudal arterial blood pressure was measured at the 1st, 4th, and 12th week after the carotid resection. After 3 months, the rats in each group were generally anesthetized and the thoracic cavity was opened according to the aforementioned method. The left ventricle was cannulated to the aorta, and the vena cava was cut to release blood. At the same time, the 30 ml normal saline containing heparin sodium (at 37°C) was perfused through the catheter, and then slowly injected 10 ml of 10% paraformaldehyde/0.1 M phosphate buffer (pH 7.4) into the brain through the catheter. After perfusion fixation, the brain was collected following craniotomy. The circulus arteriosus of the skull base was carefully separated and removed under a surgical microscope (×10 to ×16), and the aneurysmal changes were examined under a microscope (×40). The artery with pathological changes was used for pathological examination.

Blood pressure measurement {#sec2-7}
--------------------------

The blood pressure meter on the tails of rats (Kent Industrial Co., Ltd, Chino, CA, U.S.A.) was measured before operation and at the 1st, 4th, and 12th week after operation. The method was shown as follows: rats were deprived of water and food 2 h before measurement, which was started at 8:00 a.m. The room temperature was maintained at approximately 25°C, and the incubator should be preheated to reach a temperature of 37°C. The rats were put into the incubator for 10 min to adapt the circumstance, and then a clamp was placed on the root of rat tails. Only after the instrument was adjusted and rats' beating stabilized, the blood pressure could be measured. The blood pressure of rats was tested three times to obtain the mean value of blood pressure.

Extraction and conservation of brain tissue and tissue homogenate {#sec2-8}
-----------------------------------------------------------------

Three months later, the rats in the four groups were generally anesthetized and the thoracic cavity was opened using the abovementioned method. The left ventricle was cannulated to the aorta, and 30 ml normal saline containing heparin sodium (at 37°C) was perfused through the catheter, and then slowly injected 10% paraformaldehyde/0.1 M phosphate buffer (pH 7.4) into the brain through the catheter. Spontaneously, the vena cava or the right atrium was cut to release blood. After perfusion fixation, the whole brain was collected with craniotomy. A 10% homogenate of brain was prepared from the 1 g extracted brain tissues ground in lysate solution containing 10 mmol/l NaCl, 10 mmol/l EDTA, 0.5% NP-40, 0.5% sodium deoxycholate (Shanghai Yiji Industries Co., Ltd, Shanghai, China), and 10 mmol/l Tris (pH 7.4, Nanjing Search Biotech Co., Ltd, Jiangsu, China), followed by centrifugation for 10 min at 2000 rpm. Next, the supernatant was obtained and centrifuged at 14000 rpm for 90 min (4°C). The collected precipitate was further suspended in 40 μl double distilled water (DDW) and stored at −20°C.

Hematoxylin--Eosin staining {#sec2-9}
---------------------------

Twenty four hours after the operation, vascular tissues of circles of Willis in rats of each group were fixed in 4% paraformaldehyde overnight, then fixed in 4% formaldehyde for 6 h, and finally embedded in paraffin. Next, the embedded brain tissues were made into 3-μm-thick sections and baked at 60°C overnight. The next day, the sections were dewaxed for 20 min in xylene I (14936-97-1, Shanghai Yiji Industries Co., Ltd, Shanghai, China) and xylene II (523-67-1, Shanghai YuDuo Biological Technology Co., Ltd., Shanghai, China), respectively. And then sections were dehydrated in 100, 100, 95, 80, and 70% ethanol with 5 min for each, and washed with distilled water. Afterward, the sections were stained with Hematoxylin (CAS: 474-07-7, Qingdao Jisskang Biotechnology Co., Ltd, Shandong, China) for 10 min, washed with water to return to blue for 15 min and stained with Eosin (RY0648, Qingdao Jisskang Biotechnology Co., Ltd, Shandong, China) for 30 min. Finally, the sections were washed with DDW to wash off the red color, dehydrated with ethanol, cleared with xylene, and mounted with neutral balsam. The optical microscope was employed to observe the histopathological changes of IA tissues with the images obtained using image analysis system (JD801, Jiangsu JEDA Science-Technology Development Co., Ltd., Nanjing, Jiangsu, China). The morphological changes of IA in Hematoxylin--Eosin (HE) staining sections of each group were observed (×400) with randomly chosen images. The experiment was conducted three times.

Reverse transcription quantitative PCR {#sec2-10}
--------------------------------------

Total RNA was extracted from IA tissues according to the instructions of TRIzol kit (Invitrogen Inc., Carlsbad, CA, U.S.A.) by using one-step method. Then the total RNA was dissolved in ultrapure water treated by diethylpyrocarbonate (DEPC, Sangon Biotech Co., Ltd., Shanghai, China). Then OD values at 260 and 280 nm were determined by a UV-visible spectrophotometer (ND-1000, Thermo Fisher Scientific, Waltham, MA, U.S.A.). The quality of total RNA was identified, and the concentration was measured. The extracted RNA was reverse transcribed according to the instructions of the kit (RR037Q, Takara Biotechnology Ltd., Dalian, Liaoning, China) by using two-step method. The reverse-transcription system (20 μl) was composed of 2 μl of 5× PrimeScript Buffer (for Real Time), 0.5 μl PrimeScript RT Enzyme Mix I, 0.5 μl Oligo dT Primer (50 μM), 0.5 μl Random 6 mers (100 μM), 2 μg Total RNA, and added with RNase-free dH~2~O to a final 20 μl system. The reaction conditions were as follows: 37°C for 15 min, 85°C for 5 s, and forever at 4°C. The cRNA obtained from the reverse transcription was observed in a freezer at −80°C. The TaqMan probe method was applied for reverse transcription quantitative PCR (RT-qPCR). And reaction system was conducted in accordance with the kit instructions (MBI Fermentas International Inc., Vilnius, Lithuania). The primer sequences are shown in [Table 1](#T1){ref-type="table"}. The reaction conditions were pre-denaturation at 95°C for 30 s, denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 70°C for 10 s with a total of 40 cycles. The reaction system was composed of 12.5 μl Premix ExTaq or SYBR Green Mix, 1 μl Forward Primer, 1 μl Reverse Primer, 1--4 μl cDNA, and added with ddH~2~O to a final 25 μl system. Real-time fluorescence quantitative PCR (iQ5, Bio-Rad, Hercules, CA, U.S.A.) was employed for examination. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was served as an internal control for relative expression. The primer sequences were synthesized by Shanghai Generay BiotechCo., Ltd. (Shanghai, China). Solubility curve was used to evaluate the reliability of the results of PCR. The 2^−ΔΔ*C*^~t~ was expressed as the ratio of target genes between the control group and the experiment group. The calculation formula was as follows: Δ*C*~t~ = *C*~t~ ~target\ gene~ − *C*~t~ ~GAPDH~, ΔΔ*C*~t~ = Δ*C*~t~ ~experimental\ group~ − Δ*C~t~* ~control\ group~ \[[@B22]\]. *C*~t~ referred to the inflection point in the solubility curve. Each experiment was repeated three times to obtain the mean value.

###### The primer sequences for RT-qPCR

  Gene          Primer sequence (5′--3′)
  ------------- -------------------------------------
  *Apc*         Forward: CTTCGTGTACGGCAGCTCTT
                Reverse: GCAGTTTCATGCTTGCTCTG
  *NF-κB p65*   Forward: GAAGAAGCGACCTGGAG
                Reverse: TCCGGAACACAATGGCCAC
  *IκBα*        Forward: CCACGACAGCGGCTTGGACTA
                Reverse: TCCACGATGCCCAGGTAGCC
  *MMP-2*       Forward: CTGATAACCTGGATGCAGTCGT
                Reverse: CCAGCCAGTCCGATTTGA
  *MMP-9*       Forward: TTCAAGGACGGTCGGTATT
                Reverse: CTCGAGCCTAGACCCAACTTA
  *TNF-α*       Forward: TGAGCACAGAAAGCATGATC
                Reverse: CATCTGCTGGTACCACCAGTT
  *IL-1β*       Forward: GACCTGTTCTTTGAGGCTGAC
                Reverse: TCCATCTTCTTCTTTGGGTATTGTT
  *IL-6*        Forward: GACTGATGTTGTTGAGAGCCACTG
                Reverse: TAGCCACGCCTTCTGTGACTCTAACT
  *GAPDH*       Forward: CATCAACGACCCCTTCATTG
                Reverse: GAAGATGGTGATGGGTTTCC

Abbreviation: MMP, matrix metalloproteinase.

Western blot analysis {#sec2-11}
---------------------

IA tissue samples were prepared and treated with 3 ml lysate containing 7 mol/l carbamide, 2 mol/l thiocarbamide, 5 ml/l IPG buffer (pH 3--10), 65 mmol/l [dl]{.smallcaps}-DTT, 40 g/l CHAPS, 5 mg/l protease inhibitor, and 10 ml/l trypsin inhibitor. Then the tissues were subjected to phacofragmentation on ice. Next, the samples were centrifuged at 120000 ***g*** for 30 min at 4°C. The obtained supernatant was protein extracts. BCA method was used to determine the protein concentration. The protein was inactivated with 5× serine dehydratase (SDS) lysate (P0013G, Beyotime, Beijing, China) at 100°C for 5 min, followed by electrophoresis on polyacrylamide gel (5% concentration gel and 12% separation gel) with 20 μl sample uploaded. After transfer of membrane, TBS with Tween 20 (TBST) containing 5% BSA was blocked with decolorization table at room temperature for 1 h. Then sealing liquid was aspirated, the membrane was placed into plastic groove with the addition of following primary antibodies: rabbit anti-Apc polyclonal antibody (containing 5% BSA, ab15270, 1:2000), rabbit anti-NF-κB p65 polyclonal antibody (ab19870, 2.5 µg/ml), rabbit anti-IκBα polyclonal antibody (ab7217, 1:2000), rabbit anti-MMP-2 polyclonal antibody (ab97290, 1:2000), rabbit anti-MMP-9 polyclonal antibody (ab138306, 1:500), rabbit anti-TNF-α polyclonal antibody (ab6671, 1:1000), rabbit anti-IL-1β polyclonal antibody (ab9722, 0.2 µg/ml), rabbit anti-IL-6 polyclonal antibody (ab6672, 1:1000), and rabbit anti-p-p65 polyclonal antibody (ab86299, 1:1000) shaken and placed in a freezer at 4°C overnight. All these antibodies were purchased from Abcam Inc. (Cambridge, MA, U.S.A.). On the following day, the membrane was washed with TBST for three times (10 min/time), and added with diluted secondary antibody goat anti-rabbit in the same way (ab6721, Abcam Inc., Cambridge, MA, U.S.A.), incubated for 4--6 h at 4°C, and then the membrane was washed three times with TBST (15 min/time). Electrochemiluminescence of tris (2,2′-bipyridine) ruthenium (II)/tri-n-propylamine (TPA) (Yanhui Biotech Itd., Shanghai, China) were mixed at a ratio of 1:1, dropped off to the nitrocellulose (NC) membrane and developed with. Relative OD value was analyzed for all immunoblotting bands. The experiment was repeated three times to obtain the mean value.

Statistical analysis {#sec2-12}
--------------------

All data were analyzed by SPSS 21.0 (IBM Corp. Armonk, NY, U.S.A.). The measurement data were expressed as mean ± S.D. The equality of variances and homogeneity of variances were analyzed for all the data. Comparisons amongst multiple groups were analyzed by one-way ANOVA. The post-hoc Tukey test was also performed. Enumeration data were presented as numbers or percentages. The correlation of Apc, NF-κB p65, and IκBα p65 aive expression with clinicopathological characteristics of IA was analyzed by Chi-square test. *P*\<0.05 was considered to be of statistical significance.

Results {#sec3}
=======

Down-regulation of Apc and IκBα and up-regulation of NF-κB p65 are observed in IA {#sec3-1}
---------------------------------------------------------------------------------

The protein expression of Apc, IκBα, and NF-κB p65 was determined by immunohistochemistry. Apc protein was mainly localized in the cytoplasm. The NF-κB p65 and IκBα proteins were essentially localized in the cytoplasm and partially localized in the nucleus. The positive protein expression was mainly light yellow, yellowish-brown, pale brown, and brown ([Figure 1](#F1){ref-type="fig"}). The results showed that compared with normal vessels, positive protein expression of Apc and IκBα was down-regulated while that of NF-κB p65 was up-regulated in unruptured and ruptured IA (all *P*\<0.05). The results indicated that reduced expression of Apc and IκBα, and increased expression of NF-κB p65 were identified in unrupture and ruptured IA.

![Down-regulation of Apc and IκBα and up-regulation of NF-κB p65 in unruptured and ruptured IA tissues were revealed by immunohistochemstry (× 400)\
(**A**) Immunohistochemical staining for protein Apc, NF-κB p65, and IκBα in normal vascular tissues, unruptured and ruptured IA tissues. (**B**) Quantitative analysis for positive expression rate; \**P*\<0.05 compared with normal vascular tissues.](bsr-39-bsr20181909-g1){#F1}

Positive expression of Apc, NF-κB p65, and IκBα is related with clinicoclinicopathological characteristics of IA {#sec3-2}
----------------------------------------------------------------------------------------------------------------

The positive expression of Apc, NF-κB p65, and IκBα with clinicopathological characteristics of IA was examined ([Table 2](#T2){ref-type="table"}). It was found that protein expression of Apc, NF-κB p65, and IκBα had no correlation to the sex, age, and IA type of patients (all *P*\>0.05); whereas they were associated with IA diameter. Amongst them, the positive expression of Apc and IκBα was lower in patients with larger IA diameter, while that of NF-κB p65 was elevated when IA diameter was increased. Namely, when compared with patients whose IA diameter was ≤5 or 5--13 mm, lower positive protein expression of Apc and IκBα and higher positive expression of NF-κB p65 were identified in patients with IA diameter \>13 mm (*P*=0.004). It was suggested that decreased expression of Apc and IκBα, and increased NF-κB p65 may link to the diameter of IA.

###### The positive expression of Apc, IκBα, and NF-κB p65 protein is involved in clinicopathological characteristics of IA

  Characteristics   Case   Apc           *P*-value     IκBα    *P-*value                   
  ----------------- ------ ------------- ------------- ------- ------------- ------------- -------
  Age (years)                                          0.411                               0.606
    \<52            53     25 (47.17%)   10 (18.87%)           14 (26.42%)   39 (73.58%)   
    ≥52             55     23 (41.82%)   14 (25.45%)           17 (30.91%)   38 (69.09%)   
  Sex                                                  0.381                               0.881
    Male            58     22 (37.93%)   11 (18.97%)           17 (29.31%)   41 (70.69%)   
    Female          50     26 (52.00%)   13 (26.00%)           14 (28.00%)   36 (72.00%)   
  IA type                                              0.365                               0.819
    Unruptured IA   40     17 (42.50%)   7 (17.50%)            12 (30.00%)   28 (70.00%)   
    Ruptured IA     68     31 (45.59%)   17 (25.00%)           19 (27.94%)   49 (72.06%)   
  IA diameter                                          0.032                               0.044
    ≤5 mm           44     26 (59.09%)   14 (31.82%)           15 (34.09%)   29 (65.91%)   
    5--13 mm        40     18 (45.00%)   9 (22.50%)            14 (35.00%)   26 (65.00%)   
    \>13 mm         24     4 (16.67%)    1 (4.17%)             2 (8.33%)     22 (91.67%)   

Up-regulated serum levels of MCP-1, TNF-α, IL-1β, and IL-6 are identified in IA {#sec3-3}
-------------------------------------------------------------------------------

The levels of MCP-1, TNF-α, IL-1β, and IL-6 in serum were determined by ELISA ([Table 3](#T3){ref-type="table"}). Compared with the normal group, the levels of MCP-1, TNF-α, IL-1β, and IL-6 significantly increased in both the unruptured IA and ruptured IA groups (*P*\<0.05). In contrast with the unruptured IA group, the levels of MCP-1, TNF-α, IL-1β, and IL-6 distinctly increased in the ruptured IA group (*P*\<0.05). The results revealed that the up-regulated levels of MCP-1, TNF-α, IL-1β, and IL-6 could promote the formation and rupture of IA.

###### ELISA detection indicated that the levels of MCP-1, TNF-α, IL-1β, and IL-6 are increased in serum of patients with IA

  Group           Number   MCP-1 (ng/l)          TNF-α (pg/ml)       IL-1β (ng/l)        IL-6 (ng/ml)
  --------------- -------- --------------------- ------------------- ------------------- ---------------------
  Normal          28       134.72 ± 6.59         14.76 ± 2.16        5.83 ± 0.76         57.46 ± 8.94
  Unruptured IA   40       162.49 ± 15.89\*      39.76 ± 4.32\*      37.49 ± 4.59\*      81.52 ± 12.38\*
  Ruptured IA     68       198.62 ± 21.16^\*†^   56.17 ± 5.68^\*†^   51.48 ± 7.51^\*†^   109.23 ± 16.87^\*†^

\**P*\<0.05 compared with the normal group.

^†^*P*\<0.05 compared with the unruptured IA group.

siRNA-1 and siRNA-3 are selected for the following experiments {#sec3-4}
--------------------------------------------------------------

According to the sequence of Apc, we designed three siRNAs specifically interfering Apc and NC respectively, and detected their interference efficiency by RT-qPCR and Western blot analysis. The results in [Figure 2](#F2){ref-type="fig"} showed that compared with the NC group, the mRNA and protein expression of Apc in the siRNA-1, siRNA-2, and siRNA-3 groups were significantly decreased (*P*\<0.05). Amongst them, siRNA-1 and siRNA-3 had the highest interference efficiency, so we chose the two siRNAs for the following experiments.

![siRNA-1 and siRNA-3 exhibit the highest interference efficiency and are selected for the following experiments\
(**A**) The mRNA expression of Apc in the siRNA-1, siRNA-2, and siRNA-3 groups detected by RT-qPCR. (**B,C**) Protein expression of Apc in the siRNA-1, siRNA-2, and siRNA-3 groups detected by Western blot analysis; \**P*\<0.05 compared with the NC group.](bsr-39-bsr20181909-g2){#F2}

Silencing of Apc increases blood pressure in rats with IA {#sec3-5}
---------------------------------------------------------

The blood pressure of rats was determined before operation and 1 week after operation. As shown in [Table 4](#T4){ref-type="table"}, blood pressure of rats before operation in the blank, NC, Apc-siRNA-1, and Apc-siRNA-3 groups was higher than that in the normal group (*P*\<0.05), and the blood pressure was further increased at the 4th and 12th week after operation. The blood pressure of rats had no obvious change during different periods in the normal group. The increased blood pressure of rats in the Apc-siRNA-1 and Apc-siRNA-3 groups all increased at the 1st, 4th, and 12th week after operation in comparison with the blank and NC groups (*P*\<0.05). These results indicated that the increased blood pressure in rat model of IA may be associated with silencing of Apc.

###### Apc-siRNA contributes to the increase in blood pressure of rat models with IA (mmHg)

  Group         *n*   Before operation   1st week after operation   4th week after operation   12th week after operation
  ------------- ----- ------------------ -------------------------- -------------------------- ---------------------------
  Normal        10    99.79 ± 5.89       106.46 ± 10.27             101.38 ± 9.75              109.63 ± 12.34
  Blank         10    98.23 ± 9.34       154.52 ± 12.67^\*‡^        169.56 ± 20.11^\*‡^        174.69 ± 11.84^\*‡^
  NC            10    101.28 ± 9.89      161.35 ± 13.15^\*‡^        175.48 ± 14.34^\*‡^        181.54 ± 12.24^\*‡^
  Apc-siRNA-1   10    97.38 ± 4.89       178.21 ± 11.98^\*†‡^       194.57 ± 12.38^\*†‡^       197.89 ± 12.43^\*†‡^
  Apc-siRNA-3   10    100.28 ± 6.97      184.21 ± 8.27^\*†‡^        199.57 ± 11.68^\*†‡^       203.89 ± 14.53^\*†‡^

\**P*\<0.05 compared with the normal group.

^†^*P*\<0.05 compared with the blank and NC groups.

^‡^*P*\<0.05 compared with the blood pressure pre-surgery.

Silencing of Apc promotes IA formation and rupture {#sec3-6}
--------------------------------------------------

HE staining was conducted for observing the histopathological changes of IA ([Figure 3](#F3){ref-type="fig"}). In normal group, no significant damage of IA endodermis, VSMC, and theca externa was found, and cells in neat arrangement with complete construction. In blank and NC groups, IA endodermis was damaged, VSMC degenerated, the number of VSMC and its layers decreased, with thinner artery wall, fractured elastic fiber, and inflammatory cell infiltration. Compared with the blank and NC groups, IA endodermis disappeared slowly, VSMC greatly degenerated, the number of VSMC and its layers were dramatically declined with thinnest artery wall, severely fractured elastic fiber, and increased inflammatory cell infiltration in the Apc-siRNA-1 and Apc-siRNA-3 groups. Above all, it was indicated that Apc silencing could promote the histopathological changes of IA, suggesting that Apc potentially played a protective role in IA formation and rupture.

![HE staining (×400) demonstrates that silencing of Apc promotes the histopathological changes of IA with slowly disappeared IA endodermis, greatly degenerated VSMC, dramatically declined number and layers of VSMCs, severely fractured elastic fiber, and increased inflammatory cell infiltration](bsr-39-bsr20181909-g3){#F3}

Silencing of Apc promotes the mRNA expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6, yet inhibits the expression of Apc and IκBα {#sec3-7}
---------------------------------------------------------------------------------------------------------------------------------------------

The mRNA expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6 was determined by RT-qPCR ([Figure 4](#F4){ref-type="fig"}). In comparison with the normal group, mRNA expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6 was higher in the groups of blank, NC, Apc-siRNA-1, and Apc-siRNA-3, with reduced mRNA expression of Apc and IκBα (all *P*\<0.05). When compared with the blank and NC groups, the Apc-siRNA-1 and Apc-siRNA-3 groups showed increased mRNA expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6 and decreased mRNA expression of Apc and IκBα (all *P*\<0.05). So we reached a conclusion that Apc silencing could enhance the expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6 and inhibit the expression of Apc and IκBα.

![Silencing of Apc contributed to up-regulation of the mRNA expression of NF-κB p65, MMP-2, MMP-9, TNF-α, and IL-1β, and down-regulation of Apc and IκBα according to detection of RT-qPCR\
\**P*\<0.05 compared with the normal group; ^\#^*P*\<0.05 compared with the blank and NC groups.](bsr-39-bsr20181909-g4){#F4}

Silencing of Apc enhances the protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6, yet inhibits the expression of Apc and IκBα {#sec3-8}
------------------------------------------------------------------------------------------------------------------------------------------------

The protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6 was determined by Western blot analysis. As shown in [Figure 5](#F5){ref-type="fig"}, when compared with normal group, blank, NC, Apc-siRNA-1, and Apc-siRNA-3 groups revealed higher protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6, lower protein expression of Apc and IκBα (all *P*\<0.05). In comparison with the blank and NC groups, enhanced protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6, as well as extent of p65 phosphorylation and declined protein expression of Apc and IκBα were found in the Apc-siRNA-1 and Apc-siRNA-3 groups (all *P*\<0.05). Therefore, we concluded that silencing of Apc could elevate the protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, and IL-6, as well as extent of p65 phosphorylation and decrease Apc and IκBα, thus promoting IA formation and rupture.

![Silencing of Apc contributed to up-regulation of the protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, and IL-1β, and down-regulation of Apc and IκBα according to detection by Western blot analysis\
(**A**) Protein bands of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, IL-6, Apc, and IκBα as well as extent of p65 phosphorylation in rats in each group. (**B**) Quantitative analysis of protein expression of NF-κB p65, MMP-2, MMP-9, TNF-α, IL-1β, IL-6, Apc, and IκBα, as well as the extent of p65 phosphorylation of rats in each group; \**P*\<0.05 compared with the normal group; ^\#^*P*\<0.05 compared with the blank and NC groups.](bsr-39-bsr20181909-g5){#F5}

Silencing of Apc up-regulates the levels of MCP-1, TNF-α, IL-1β, and IL-6 in brain tissue homogenate {#sec3-9}
----------------------------------------------------------------------------------------------------

The levels of MCP-1, TNF-α, IL-1β, and IL-6 in brain tissue homogenate were evaluated by ELISA. As shown in [Table 5](#T5){ref-type="table"}, compared with the normal group, levels of MCP-1, TNF-α, IL-1β, and IL-6 were increased in rat brain tissue homogenate in the groups of blank, NC, Apc-siRNA-1, and Apc-siRNA-3 (all *P*\<0.05). When compared with the blank and NC groups, the levels of MCP-1, TNF-α, IL-1β, and IL-6 in the Apc-siRNA-1 and Apc-siRNA-3 groups were significantly enhanced (all *P*\<0.05). Therefore, Apc silencing could increase levels of MCP-1, TNF-α, IL-1β, and IL-6 and contribute to IA formation and rupture.

###### ELISA detection demonstrates that Apc-siRNA increases levels of MCP-1, TNF-α, IL-1β, and IL-6 in brain tissue homogenate of rat models with IA

  Group         *n*   MCP-1 (pg/ml)         TNF-α (ng/ml)      IL-1β (ng/l)          IL-6 (pg/ml)
  ------------- ----- --------------------- ------------------ --------------------- ---------------------
  Normal        10    54.28 ± 9.23          1.27 ± 0.36        69.38 ± 7.21          91.68 ± 16.28
  Blank         10    78.49 ± 10.23\*       2.54 ± 0.49\*      89.26 ± 12.47\*       128.67 ± 19.08\*
  NC            10    87.76 ± 11.34\*       2.58 ± 0.58\*      96.48 ± 13.42\*       142.51 ± 20.48\*
  Apc-siRNA-1   10    109.27 ± 16.59^\*†^   4.31 ± 1.62^\*†^   118.53 ± 17.84^\*†^   182.94 ± 23.92^\*†^
  Apc-siRNA-3   10    112.27 ± 15.54^\*†^   4.67 ± 1.24^\*†^   120.11 ± 12.49^\*†^   186.94 ± 27.33^\*†^

\**P*\<0.05 compared with the normal group.

^\#^All *P*\<0.05 compared with the blank and NC groups.

Discussion {#sec4}
==========

IAs and IA rupture are one of the causes of brain injury and mortality \[[@B23]\]. Importantly, the major risk factors of IA development are highly associated with the proinflammatory immune responses \[[@B24]\]. Interestingly, aberrant methylation of the *Apc* gene is associated with the inflammatory responses \[[@B25]\]. In this study, we identified the expression of Apc and activation of NF-κB signaling pathway in IA and further explored the underlying effects of them on the formation and rupture of IA.

First of all, we revealed that the protein expression of Apc was reduced and the NF-κB signaling pathway was activated in the unruptured and ruptured IAs. Apc defines T-cell differentiation and anti-inflammatory function via microtubule-mediated nuclear factor of activated T-cell localization \[[@B26]\]. Apc serves a key function in maintaining the polarized radial glial scaffold in the development of brain and it is significant for the construction of cerebral cortex in mammals \[[@B27]\]. In addition, a study has suggested the mutation in exon 15 of the Apc gene in a case of brain metastasis \[[@B28]\]. Notably, we found that lower protein expression of Apc and activated NF-κB signaling pathway were correlated with larger sizes of IAs. Aneurysm walls are commonly characterized by activated inflammatory responses, and NF-κB has been reported to be the main transcription factor mediating the expression of inflammation-related genes in the IAs \[[@B29]\]. Through the inhibition of the MAPKs/NF-κB signaling pathway mediated peripheral and cerebral inflammatory response, paeoniflorin, a neuroprotective treatment for stroke, plays a protective role in ischemia injury \[[@B30]\]. Also, the inhibition of the activation of NF-κB prevents the initiation and progression of lung and breast cancers \[[@B31]\]. Activation of transcription factor NF-κB is frequently encountered in tumor cells and contributes to aggressive tumor growth and resistance to chemotherapy and ionizing radiation during cancer treatment \[[@B32]\].

The loss-of-function of *Apc* gene is associated with nuclear accumulation of β-catenin and promotes the constitutive activation of Wnt signaling \[[@B14]\]. This study provided evidence that silencing of Apc induced by siRNA promoted the activation of the NF-κB signaling pathway in rat models of IA. Wnt/β-catenin signaling is pivotal for the development and regeneration of tissues, whereas NF-κB is a critical mediator of inflammation. A previous investigation shows that the activation of NF-κB by CARD4 may be a component of the innate immune response \[[@B33]\]. Both Wnt and NF-κB signaling pathways are boosted in colon adenocarcinoma tissues of Apc Olfm4 double-mutant mice \[[@B34]\]. Recent evidence suggests that these two signaling pathways cross-modulate each other's activities and functions \[[@B35]\]. A previous study argues that Apc, β-catenin, and NF-κB are functionally interrelated in the carcinogenesis of gastric cancer \[[@B36]\]. More importantly, persistent epithelial NF-κB activation facilitates the functional loss of Apc in intestinal epithelial cells through up-regulation of iNOS \[[@B37]\].

Moreover, the serum levels of MCP-1, TNF-α, IL-1β, and IL-6 were elevated in rat models of IAs. Multiple studies have indicated that inflammation remarkably contributes to aneurysm formation and rupture \[[@B6],[@B7]\]. The activation of NF-κB has been demonstrated to be one of the initiating risk factors leading to the formation and development of IA. MCP-1 has also been reported to induce macrophage infiltration and adhesion in the artery wall of IA, and resulted in the formation and development of IA \[[@B38]\]. The enlargement and rupture of IA was promoted by Ets-1, a mediator for vascular inflammation and remodeling, by inducing the levels of MCP-1 in VSMCs \[[@B39]\]. Reducing TNF-α action in the IA wall carries a beneficial effect on attenuating aneurysm progression by inhibiting inflammation as well as arterial remodeling \[[@B40]\]. Inhibition of IL-1β through genetic and pharmacological strategies decreased formation and enlargement of thoracic aortic aneurysms, suggesting that IL-1β may be a potential target for thoracic aortic aneurysm treatment \[[@B41]\]. Nishihara et al. \[[@B42]\] stated that the IL-6 activity is closely implicated in continuous cellular infiltration in abdominal aortic aneurysm and possibly induces human abdominal aortic aneurysm. Corroborating to this, our study suggested that silencing of Apc induced by siRNA facilitated the formation and rupture of IAs in rat models through up-regulating blood pressure of rats and the levels of MCP-1, TNF-α, IL-1β, and IL-6 in rat brain tissue homogenate.

The key findings of the present study provide evidence emphasizing that poor expression of *Apc* gene and activation of the NF-κB signaling pathway were involved in the formation and rupture of IAs in rat models. The *Apc* gene was revealed to inhibit the activation of the NF-κB signaling pathway, by which mechanism the formation and rupture of IAs were attenuated through reducing inflammatory responses induced by activation of the NF-κB signaling pathway. A greater understanding of the pathogenesis of IA would provide a fundamental basis for the development of new therapies to prevent the rupture in the first place or modify its progression. The specific mechanism of how silencing of Apc affects NF-κB activation warrants further study.
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